Background-Gene-environment interactions (GEI) are involved in the pathogenesis of mental diseases. We evaluated interaction between mutant human Disrupted-In-Schizophrenia-1 (mhDISC1) and maternal immune activation implicated in schizophrenia and mood disorders.
The pathogenesis of major psychiatric diseases involves interactions between susceptibility genes and environmental factors (1) (2) (3) . We believe that in vivo and in vitro systems based on identified genetic mutations and measurable environment factors can facilitate studies of the molecular mechanisms of gene-environment interaction (GEI) relevant to mental conditions (4) . We set out to develop and characterize a mouse model of GEI based on our previously described system of inducible expression of mutant human Disrupted-In-Schizophrenia-1 (mhDISC1) in forebrain neurons (5, 6) .
In a large Scottish family a balanced (1:11) (q42.1; q14.3) translocation disrupts two genes, named Disrupted In Schizophrenia 1 and 2 (DISC1 and DISC2) and co-segregates with schizophrenia, depression and bipolar disorder (7, 8) . Accumulating evidence suggest that DISC1 may be a promising gene for mental health (9) (10) (11) (12) (13) . The translocation may result in DISC1 haploinsufficiency or production of mutant DISC1 protein (14) that could act in a dominant-negative manner (15, 16) . Both outcomes seem to lead to similar disturbance in DISC1-interacting proteins complexes and a loss of function of DISC1, a likely outcome of the translocation (17) (18) (19) . Transgenic mice with inducible expression of dominant-negative mutant human DISC1 (mhDISC1) exhibit mild neurobehavioral abnormalities that allows us to evaluate if and how environment could modulate the pre-existing effects of mhDISC1 (4, 5) .
Among non-genetic factors, in utero microbial infections have been implicated in the increased incidence of schizophrenia and mood disorders (20) (21) (22) (23) (24) . It has been suggested that the maternal immune response to a microbe may account for the increased incidence of adult psychopathology (25, 26) . For example, prenatal treatment with polyinosinic:polycytidylic acid (Poly I:C) or bacterial lipopolysaccharide (LPS) and prenatal influenza virus infection produce similar neurobehavioral abnormalities in adult mice or rats (27) (28) (29) (30) . As both influenza virus and poly I:C or LPS elicit a strong cytokine response in maternal serum, the amniotic fluid, placenta, and fetal brain (29, 31, 32) , these inflammatory soluble factors produced in utero have been proposed to affect brain development (33) (34) (35) .
In contrast to a previous study that injected Poly I:C into developing DISC1 mouse pups (36) , we employed a widely used prenatal challenge with Poly I:C that is likely to be more relevant to the human situation, and to mimic maternal immune activation following microbial infections in humans (20) (21) (22) (23) (24) . Another new development in the current study was a regulation of timing of expression of mhDISC1 to begin identifying time windows critical for GEI.
We chose to use treatment with Poly I:C at gestation day (GD) 9 because of the wealth of experimental data for this approach in mice (29, 37) . This period roughly corresponds to the middle/end of the first trimester of human pregnancy with respect to developmental biology and percentage of gestation from mice to human (38) . As our published findings have clearly indicated sex-dependent effects in mhDISC1 mice (6); and our pilot experiments revealed newly emerging behavioral phenotypes predominantly in male mice, this study was focused on male mhDISC1 mice. We found that prenatal interaction of immune activation with mhDISC1 produced elevated anxiety, depression-like responses, and an abnormal pattern of social behavior. The behavioral abnormalities were associated with decreased but prolonged reactivity of the HPA axis, attenuated 5-HT neurotransmission in the hippocampus, a decrease in enlargement of lateral ventricles, volumes of amygdale and periaqueductal gray matter, and linear density of spines on dendrites of granule cells of the dentate gyrus of the hippocampus. We also found that prenatal interaction modulated secretion of inflammatory cytokines in fetal brains and changed levels of mhDISC1, endogenous mouse DISC1 and GSK-3β in developing mouse pups. The behavioral effects of GEI were seen only if mhDISC1 was expressed throughout the life span.
Materials and Methods

Generation of experimental groups
Our mouse model of inducible expression of mutant hDISC1 is based on the Tet-off system (Figure S1A in Supplement 1) as described previously (5) . The present study used lines 1001 and 1302B, which have high and low levels of expression of the mutant protein, respectively (5). Line 1001 was on the original mixed background (B6; SJL; CBA), and line 1302B was on C57BL6/J background. In addition, some experiments as indicated in the text were done on line 1001 backcrossed to C57BL6/J for 9 generations (1001N9) ( Figure S1B in Supplement 1).
To study the effects of interactions between mhDISC1 and immune activation, pregnant single transgenic tTA mice were injected at gestation day 9 (GD9) with saline or Poly I:C (Sigma, 5 mg/kg). In contrast to previous studies that have utilized intravenous injections of Poly I:C (29), we performed intraperitoneal injections to minimize possible ceiling effects of Poly I:C itself. Thus, we generated the following experimental groups: single transgenic tTA mice (control mice) prenatally treated with saline or Poly I:C; double-transgenic mice (mutant mice) of all lines prenatally treated with saline or Poly I:C ( Figure S1B in Supplement 1).
Expression of mhDISC1 can be regulated by Doxycycline (Dox)-containing food (200mg/kg of Dox, Bio-Serv, Frenchtown, NJ) (6) . We evaluated the relative contributions of prenatal and postnatal expression of mhDISC1 to the behavioral effects. We generated tTA control and transgenic mice (line 1001N9) treated with Poly I:C at GD9 and raised on regular food until P21 followed by Dox-containing food until sacrifice. Mutant mice of this cohort, thus, had prenatal and early postnatal expression only (E0-P21). The other cohort of tTA and transgenic mice was raised on Dox food from the time of conception until weaning, P21 followed by regular food until sacrifice. As a result, mutant mice of this cohort had postweaning expression that lasted until adulthood, (P21-AD) ( Figure S1B in Supplement 1).
For all groups, pups were weaned on P21, genotyped and housed in sex-matched groups of five in standard mouse cages in accordance with Johns Hopkins University Animal Care and Use Committee guidelines.
Methods for cytokine assays, behavioral tests, monoamine assays, and western blotting were previously described (5, 6) and are presented in Supplemental Methods and Materials (see Supplement 1) . Numbers of mice used in each test are indicated in the figure legends.
Acute stress challenge
Mice were acclimated to a quiet testing room for 60 min prior to testing. Animals were placed in plastic cylindrical restrainers and a blood sample (~20 μl) was collected ("baseline") into a heparinized glass capillary tube within 2 min of restraint. Animals remained in the restrainers for 60 min and another blood sample ("stress") was collected. Mice were released into their home cages to recover for 60 min at which time a final blood sample ("recovery") was collected. Plasma was collected and stored at −80 °C until assay for corticosterone (CORT) concentration using commercially available radioimmunoassay kit (MP Biomedicals) according to manufacturer's instructions.
Magnetic resonance imaging (MRI)
Upon completion of behavioral tests, live mice anesthetized by isoflurane were imaged with a 9.4 T nuclear magnetic resonance scanner (Bruker Biospin, Billerica, MA, USA). Fastspin echo sequence was used for T2 weighted imaging with following parameters: TR=4.7 s and effective TE=22.4 ms, echo train length=4. Multiple slice 2D images were acquired with in-plane imaging matrix 192 168 and field of view 20 × 20 mm 2 . Slice thickness were 0.4 mm without gap between slices. Slice number was 60, covering the whole brain. The imaging resolution was 0.1 0.12 0.4 mm 3 . With six signal averaging, the scanning time was 40 min as described previously (5).
Golgi staining-based analysis
A modified, rapid Golgi staining was performed according to the manufacturer's protocol (FD NeuroTechnologies, Germantown, MD) and as described before (6) . We assessed the linear spine density on secondary and tertiary branches of basilar dendrites of pyramidal neurons of the CA1 region and granule cells of the dentate gyrus of the hippocampus. An Olympus microscope was used to trace each neuron using Neurozoom (San Diego, CA, USA). For spine density measurement, one terminal dendrite from the second and third order tip of each selected neuron was used to count spines using a 100× objective. Four neurons per section and 5 adjacent sections per each mouse (4 mice per group) were used to count the linear spine density. Images of Golgi staining were captured by Olympus microscope with a Nikon digital camera (DX M 1200) and processed with Nikon ACT-1 software.
Statistical analysis
The mouse behaviors, monoamine levels, volumetric brain measurements, linear spine density and levels of proteins or cytokines were evaluated with a mixed model ANOVA with the group and treatment as independent variables. Significant effects were explored further with lower levels ANOVAs and/or post hoc comparisons. P<0.05 was used for the significance level.
Results
Our prior reports have indicated expression of mhDISC1 as early as GD15 (5) (6) . Here, we demonstrate expression of mhDISC1 as early as GD9 ( Figure S1C in Supplement 1), coinciding with the time of Poly I:C treatment.
Mutant human DISC1 modulated immune activation in fetal brains
There were significant alterations in expression of pro-and anti-inflammatory cytokines in control and mhDISC1 fetal brains after injection of Poly I:C. We found significant differences between saline-control and saline-mhDISC1 samples in basal levels of IL-1β [a group effect, F(1,19)=6.58, p<0.05] and IL-5 [the group by treatment interaction, F(1,19)=24.9, p<0.001] (Fig 1A) . Consistent with previous reports (40) Fig  1A) . In contrast, poly I:C did not increase levels of IL-2 in control mice but augmented them in mhDISC1 mice, p<0.05 ( Fig 1A) . We observed a strong trend towards Poly I:C-induced up-regulation for IL-6 [a treatment effect, F(1,38)=3.4, p=0.075] but no significant changes in levels of TNF-α in mice ( Fig 1B) . Prenatal Poly I:C treatment had no significant effects on levels of cytokines in adult cortical samples (data not shown).
Immune activation produced phenotypes, resembling aspects of mood disorders
We evaluated general activity and fearfulness in mice using open field test (41) . Treatments with poly I:C significantly increased peripheral activity in mutant DISC1 mice compared to control mice (Fig 2A) Figure S2 in Supplement 1). Elevated plus maze is used to assess anxiety in mice (42) . DISC1 mice treated with poly I:C spent significantly less time in open arms of elevated plus maze, p<0.05 (Fig 2B) . FST is a popular test to examine depression-like behaviors in rodent (43, 44) . We found that poly I:C-mhDISC1 interaction led to depression-like behaviors in mice in FST. Compared to mhDISC1 mice treated with saline, those given Poly I:C exhibited significantly increased immobility in FST (Fig 2C) . There was the significant group by treatment interaction F(1,42)=8.2, p=0.007. No significant Poly I:C-induced changes were observed in control mice. Social interaction test assesses sociability and social recognition in mice (45, 46) . Unlike other groups of mice, mutant DISC1 mice given Poly I:C showed an abnormal pattern of sociability manifested in comparably sniffing a live mouse and an inanimate object (Fig 2D and Figure S2D in Supplement 1). No differences between groups were found in numbers of entries to the chambers or social novelty preference (data not shown).
We also performed a series of cognitive tests to evaluate putative effects of GEI on learning and memory in mice. No effects of Poly I:C treatment were found in control or mhDISC1 mice in spontaneous alternation or spatial recognition in Y-maze, object recognition, Morris water maze tests or pre-pulse inhibition of the acoustic startle ( Figure S3 in Supplement 1 and data not shown).
Interactions modulated stress reactivity in mhDISC1 mice
An acute stress test was used as an index of programming effects of GEI on the central nervous system functions. We found no differences between groups in basal levels of corticosterone (CORT). Although acute restraint stress produced a significant increase in CORT in all groups, mhDISC1 mice treated prenatally with Poly I:C demonstrated the smallest augmentation in CORT levels (Fig 3) . There was a significant difference in CORT levels between saline-treated control mice and Poly I:C-treated mhDISC1 mice, p<0.05. The stress-induced rise in CORT levels was followed by a significant decrease and return to baseline levels 60 min after termination of the stressor in saline-treated control mice only, a significant effect of time, F(1,41)=44.58, p<0.01. Post-hoc test revealed a significant differences between the stress and recovery time points, p<0.05. In contrast, there was no significant decline in CORT levels in saline-or Poly I:C-treated-mhDISC1 or Poly I:Ctreated control mice (Fig 3) , all ps>0.05.
Immune activation altered brain abnormalities in DISC1 mice
Volumetric MRI analyses-Lateral ventricle enlargement is one the most consistent abnormalities of the brain of patients with schizophrenia (18, 47, 48) . Prior studies with DISC1 mouse models, including our model, have found enlarged ventricles in adult mice (5, 49, 50) . Consistent with prior observation, saline-treated mhDISC1 mice had larger lateral ventricles than saline-treated control mice (Fig 4A-D) . Immune activation produced a significant increase in volumes of lateral ventricles in control mice and a modest decease in mhDISC1 mice, there was the significant group by treatment interaction, F(1,16)=5.77, p=0.032 (Fig 5E) . Poly I:C treatment significantly and comparably decreased volumes of the right amygdala, the right and left hypothalamus and the right and left periaqueductal gray (PAG) in control and mhDISC1 mice (Fig 4F-G and Figure S4A Dendritic spine density-Alterations in dendritic spine density have been demonstrated in several psychiatric disorders (51) (52) (53) . In addition, there are reports of decreased spine density in hippocampal granule cells in the DISC1 mouse model (54) . Prenatal immune activation significantly decreased linear spine density on dendrites of granule cells of the hippocampal dentate gyrus in mhDISC1 but not control mice. Two-way ANOVA found a significant effect of treatment, F(1,21)=13.6, and a significant effect of group, F(1,21)=8.5, p=0.009. There was a significant difference between saline-treated and Poly I:C-treated mhDISC1 mice, p=0.003 (Fig 4H-I) . In pyramidal neurons of the CA1 area, Poly I:C treatment comparably decreased the linear density of spines in control and mutant mice ( Figure S4B in Supplement 1). Two-way ANOVA showed a highly significant effect of treatment, F(1,10)=59.8, p<0.001. The effects on spine density were comparable in both mutant lines.
Regional monoamine levels-Alterations in monoamine neurotransmission have been associated with schizophrenia and mood disorders (55, 56) . We evaluated tissue content of NE, DA, 5-HT and their metabolites, DOPAC and HVA, and 5-HIAA in the cortex, hippocampus and olfactory bulbs. In the cortex, NE levels were significantly increased by Poly I:C in control mice and were moderately decreased in mhDISC1 mice ( Figure S5A in Supplement 1), there was the significant group × treatment interaction, F(1,22)=7.1, p=0.015. Poly I:C-treated control mice had significantly greater levels of NE in the cortex than saline-control animals, p<0.05. No other alterations in tissue content of monoamines, their metabolites or turnover were detected in cortical samples ( Figure S5A -B in Supplement 1). In the hippocampus, treatment with Poly I:C significantly increased levels of 5-HT in the hippocampus of mhDISC1 (p=0.028) but not control mice ( Figure S5C in Supplement 1). In addition, prenatal stimulation significantly decreased 5-HT turnover in the hippocampus of both groups, there was a significant effect of treatment, F(1,22)=13.7, p=0.002 ( Figure S5D in Supplement 1) . No alterations in tissue content of NE, DA, DOPAC, HVA or DOPAC/DA ratio were observed ( Figure S5C-D in Supplement 1) . No effects of Poly I:C on monoamine content were detected in olfactory bulbs (data not shown).
Molecular biomarkers of gene-environment interactions
Mutant human DISC1 has been proposed to exert its effects via dominant-negative mechanisms (15, 16) , resulting in decreased levels of endogenous mouse DISC1 (5,6). Here, we evaluated expression of mhDISC1, endogenous DISC1, its interacting partners, NDEL1, LIS1, GSK-3β and Grb2 as well as the cytokine receptor protein, gp130. We analyzed cortical samples from 2-day-old mice as significant alterations in levels of endogenous DISC1 and its interacting partners have been previously found at this time point (5,6). Prenatal immune activation produced an up-regulation of mhDISC1 and decreased levels of endogenous mouse DISC1 (Fig 5A-C) . While poly I:C stimulation was associated with decreased levels of phosphor-GSK-3β in control mice, no changes were found in mhDISC1 animals ( Fig 5D) . No alterations in levels of NDEL1, LIS1, gp130 or Grb2 were detected ( Figure S6 in Supplement 1 and data not shown).
Level and timing of mhDISC1 expression modulated the outcomes of interactions
We analyzed dependence of the behavioral effects of interactions on mhDISC1 expression levels. To this effect, we assessed the behavioral phenotypes in a mouse line 1302B that expressed lower levels of mhDISC1 as described previously (5). We found that prenatal Poly I:C treatment of 1302B mice produced the behavioral abnormalities similar to ones found in 1001 mice in FST, TST and social interaction tests but not in anxiety test ( Figure  S7 in Supplement 1), suggesting that a certain level of expression could influence the pattern of behavioral effects of interactions. Similar to the line with strong expression of mhDISC1, we saw no effects of prenatal stimulation on cognitive functions in mice (data not shown).
It has been proposed that there are sensitive time windows for GEI to produce behavioral disease in adult offspring (1) . We analyzed the effects of GEI in mice treated with poly I:C at GD9 but with selective expression during either prenatal and early postnatal (E0-P21) period or the period that lasted from post-weaning till adulthood (P21-AD). Despite immune activation, there were no significant alterations in FST, TST or social behaviors in either group of these mice (Fig 6 and Figure S8 in Supplement 1).
Discussion
The study found that prenatal immune activation interacted with mhDISC1 in producing the behavioral abnormalities that were not present in unchallenged mhDISC1 mice: elevated anxiety, depression-like responses, an altered pattern of sociability and attenuated reactivity to stress. These behaviors were associated with decreased enlargement of lateral ventricles, reduced volumes of the amygdala and periaqueductal gray matter, and decreased density of dendritic spines on granule cells of the hippocampus. GEI in this model also gave rise to altered secretion of pro-and anti-inflammatory cytokines in fetal brains, attenuated 5-HT neurotransmission in the hippocampus and changed levels of mhDISC1, endogenous mouse DISC1, and GSK-3β in newborn mice. Table 1 summarizes the effects of GEI in this model.
We also found that the behavioral changes were dependent on continuous expression of mhDISC1.
Our study is the first multi-disciplinary work to use a relevant genetic mutation in a combination with an environmental event implicated in mental diseases in humans. Prior gene-environment studies either used genetic mouse models without clear relevance to the human data or utilized environmental challenges that have not been really associated with mental conditions (4) . One such study evaluated the effects of postnatal injections of poly I:C in mouse pups with constitutive expression of mutant DISC1 (36) and found that neonatal poly I:C treatment in DISC1 mice resulted in the deficits of object recognition and fear conditioning. By contrast, we used a more relevant approach to induce immune activation in pregnant mice, modeling the human situation in which prenatal infections produce maternal immune responses (22, 26, 38) , and we observed the phenotypes that may resemble aspects of mood disorders.
Our findings suggest that the same mutation can lead to different phenotypes, depending on interactions with environmental factors. The Scottish chromosomal translocation is associated with a range of major mental diseases, including schizophrenia, recurrent depression and bipolar disorder (9, 11, 57) . It is tempting to speculate that the diversity of clinical phenotypes in the pedigree could be in part explained by exposures to environmental factors. In addition to the behavioral changes, GEI also modulated the pre-existing brain pathology. Previous studies have demonstrated enlargement of lateral ventricles in unchallenged DISC1 mice (5, 6, 58) . Consistently, saline-treated mhDISC1 mice had significantly enlarged lateral ventricles compared to saline-treated control mice. Increased volumes of brain ventricles were somewhat attenuated by immune activation in mhDISC1 mice. In contrast, prenatal immune challenge itself produced significant enlargement of ventricles in control mice, in line with previous reports (59, 60) . Prenatal immune activation also decreased volumes of the amygdala, hypothalamus, and periaqueductal gray matter. The observed affective behaviors could be partly related to decreased volumes of those brain regions since they are involved in the neuronal circuitry of emotional responses in mice (61, 62) . Intriguingly, similar volumetric abnormalities were reported for patients with major depression and bipolar disorder (63) (64) (65) (66) (67) , although several conflicting reports have been published as well (63, 68, 69) . We also found that prenatal immune challenge significantly decreased spine density on granule cells in mhDISC1 mice. The decreased spine density in the hippocampal granule cells seems to be in line with data for human mental diseases (52, 53, 70) , and the results obtained with some rodent models of maternal immune challenge (71, 72) .
A number of investigations have highlighted the importance of abnormal fetal expression of cytokines in neurodevelopmental abnormalities (25, 26, 73) . The cytokines detected in fetal samples were unlikely from dam's blood sera as the same dam had mutant and control fetuses that displayed differences in cytokines levels. The differential outcomes of prenatal challenge in mhDISC1 and control mice might be due to mhDISC1-related modulation of basal and/or Poly I:C-induced cytokine production. One possible mechanism to explain these effects might involve mhDISC1-produced perturbations in the GSK-3β-dependnet signaling that plays a critical in the innate immune response (74) . Given direct interaction between DISC1 and GSK-3β, it is tempting to speculate that dominant-negative effects of mhDISC1 on endogenous DISC1 might affect its interaction with GSK-3β (75-76), resulting in altered cytokines production, derailed neurodevelopment and associated behavioral changes, consistent with aspects of major mental diseases, including mood disorders.
There are also other mechanisms whereby prenatal immune activation can affect brain maturation. Secreted cytokines can activate the HPA axis, stimulate the release of corticotropin-releasing factor from the hypothalamus and adrenocorticotropic hormone from the pituitary gland and, thus, interfere with fetal neurodevelopment and/or the functions of the HPA axis in adulthood (33, 77, 78) . Prenatal immune activation and its interaction with mhDISC1 were associated with attenuated and prolonged CORT response to acute stress in adult mice, suggesting impaired glucocorticoid negative feedback (79) , consistent with attenuated HPA axis reactivity in mood disorders (80) . In addition, elevated levels and decreased turnover of 5-HT in the hippocampus in mhDISC1 mice treated with Poly I:C are reminiscent of serotonin abnormalities associated with affective states (64, 81, 82 ).
An interesting finding of this work is that the behavioral effects of GEI were dependent on continuous expression of mhDISC1. When expression of mhDISC1 was present either only before or only after P21, we no longer observed the behavioral abnormalities, suggesting that the effects of GEI can modulate the effects of mhDISC1 but that continuous expression of the mutant gene seems to be required for manifestation of the phenotypes. Elimination of the behavioral phenotypes after turning off expression during late postnatal period may indicate that some neurobehavioral abnormalities produced by GEI could be amenable to postnatal treatments even though GEI took place during embryogenesis. More studies are clearly needed to better evaluate the time windows of GEI in this model.
In conclusion, the findings suggest that prenatal interaction between immune activation and mhDISC1 modulated the existing neurobehavioral phenotypes, recapitulating aspects of mood disorders. The data indicate that our DISC1 mouse model is a valuable system to study the molecular pathways underlying gene-environment interplay relevant to major mental illnesses, and may suggest design and timing of treatment trials.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Secretion of cytokines in fetal brains (A) The levels of anti-and pro-inflammatory cytokines in fetal brains 6 hours after injection of Poly I:C, * denotes p<0.05 vs. the respective saline-treated group; # denotes p<0.05 vs. saline-treated control mice; (B) The fold changes in the levels of IL-6 and TNF-α as calculated in relation to the averaged value for control saline group; the bars correspond to the minus and plus range of the fold changes, n=5-10 mice per group. Attenuated reactivity of the HPA axis Quantitative analyses of levels of corticosterone (ng/ml) in blood sera in adult mice prenatally challenged with saline or Poly I:C; * denotes p<0.05 vs. stress; ** denotes p<0.05 vs. stress for saline-treated control mice only; # denotes p<0.05 vs. saline-treated control mice for stress conditions, n=5-7 in each group, line 1001B. Molecular markers of interactions (A) Representative blots for mhDISC1, endogenous DISC1 (eDISC1) and GSK-3β from cortical samples collected at P2; (B) Prenatal immune activation significantly increased levels of mhDISC1, n=6-7 samples per group, * denotes p<0.05 vs. saline-treated mhDISC1 mice; (C) Prenatal immune activation significantly decreased levels of endogenous DISC1 in mhDISC1 mice, n=6-7 samples per group, # denotes p<0.05 vs. saline-treated mutant mice; (D) Prenatal stimulation significantly decreased levels of GSK-3β in control mice but not in mhDISC1 mice, n=6-7 samples per group, * denotes p<0.05 vs. saline-treated control mice. Dependence of the behavioral effects on time of expression (A) Time of immobility in forced swim test (FST) in mice with expression of mhDISC1 on E0-P21. Note the lack of differences between control and mutant mice, n=10-21 mice per group; (B) Sociability in mice with expression of mhDISC1 on E0-P21. Note the lack of differences between control and mutant mice, n=10-21, * denotes p<0.05 vs. time spent in exploration of a live mouse; (C) Time of immobility in forced swim test (FST) in mice with expression of mhDISC1 on P21-adulthood. Note the absence of differences between control and mutant mice; n=10-14 mice per group; (D) Sociability in mice with expression of mhDISC1 on P21-adulthood. Note the lack of differences between control and mutant mice, * denotes p<0.05 vs. time spent in exploration of a live mouse; n=10-14 mice per group Table 1 The summary of the effects of gene-environment interactions Altered expression of DISC1 and its interactors may underlie the brain abnormalities in mice GSK-3β is a key DISC1 partner and a main factor of the immune signaling. Abnormal interaction between GSK-3β and DISC1 could contribute to altered cytokine production in mhDISC1 mice
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